Microbial biocatalysis in organic solvents such as ionic liquids (ILs) is attractive for making fuels 8 and chemicals from complex substrates including lignocellulosic biomass. However, low IL 9 concentrations of 0.5−1.0 % (v/v) can drastically inhibit microbial activity. In this study, we 10 engineered an exceptionally robust oleaginous yeast Yarrowia lipolytica, YlCW001, by adaptive 11 laboratory evolution (ALE). The mutant YlWC001 shows robust growth in up to 18% (v/v) 1-12 ethyl-3-methylimidazolium acetate ([EMIM][OAc]), which makes it the most IL-tolerant 13 microorganism published to our knowledge. Remarkably, YlCW001 exhibits broad tolerance in 14 most commonly used hydrophilic ILs beyond [EMIM][OAc]. Scanning electron microscopy 15 revealed that ILs significantly damage cell wall and/or membrane of wildtype Y. lipolytica with 16 observed cavities, dents, and wrinkles while YlCW001 maintains healthy morphology even in high 17 concentrations of ILs up to 18% (v/v). By performing comprehensive metabolomics, lipidomics, 18
Introduction 41
Robustness is an important phenotype for any industrial microbe to acquire for biosynthesis of 42 desirable molecules (1-3). Recently, microbial biocatalysis in green organic solvents such as ionic 8 methylimidazolium acetate ([BMIM] [OAc]), 1-butyl-3-methylimidazolium chloride 133 ([BMIM] [Cl])), and 1-butyl-3-methylimidazolium bromide ([BMIM] [Br] ). We selected these ILs 134 for testing because they can effectively solubilize various types of recalcitrant lignocellulosic 135 biomass and are known to be very inhibitory to microbial growth (38, 39) . Since wildtype growth 136 was inhibited in 10% (v/v) and lethal in 18% (v/v) [EMIM] [OAc] (Fig. 2C) , we characterized these 137 strains in two different concentrations of ILs, 0. As a positive control, we observed healthy morphologies for both the wildtype and mutant 166 in no-IL media (Fig. 3A, 3B ). However, when exposed to 18% (v/v) [EMIM] [OAc], the wildtype 167 developed cavities, dents, and wrinkles along the cell surface, clearly demonstrating that cell 168 membrane and/or cell wall components were severely damaged by the IL (Fig. 3C ). This 169 phenotype is consistent with the complete growth inhibition of the wildtype observed at this high 170 IL concentration ( Fig. 2B, 2C Furthermore, we found that YlCW001 had a total of 19 perturbed metabolic processes in 191 media without IL in comparison to the wildtype without IL ( Fig. 3I and SI Appendix, Table S1 ).
192
Notably, 15 of these pathways were also perturbed in YlCW001 and wildtype growing in 8% (v/v) and YlCW001 strains. The most striking differences were observed for C16:1 and C18:1 fatty 241 acid moieties ( Fig. 4H ). We found that both strains exposed to IL induced production of C16:1 (7 242 mol%, p < 0.01) fatty acids unlike the wildtype strain without IL, which produced none. In 243 contrast, the wildtype without IL contained mostly C18:1 fatty acids (49 mol%) while all other 244 biological conditions shifted to the di-unsaturated C18:2 moiety (29-36 mol%, p < 0.02).
245
Interestingly, YlCW001 in media without IL behaved similarly to IL-exposed strains, with 246 13 significant increases in C16 and C18:2 production. We did not observe a statistically significant 247 difference between total saturated and unsaturated fatty acid moieties in both conditions. Taken 248 together, IL-exposed cells (and YlCW001 0%) produced C16:1 fatty acids (non-existent in 249 wildtype 0%) with statistically significant larger ratios of C16:C18 and (C18:2):(C18:1) moieties 250 in comparison to the wildtype without IL. Shorter chain lengths with higher degrees of 251 unsaturation in fatty acid moieties of the cell membrane are likely expected to increase membrane 252 fluidity (46). These results indicate that fatty acid metabolism is IL-modulated in Y. lipolytica and 253 altered in YlCW001, even without IL.
254
YlCW001 increased sterols in the presence of ILs. We next investigated the functional 255 role of sterols for IL tolerance in Y. lipolytica because i) the sterol biosynthesis pathway was 256 perturbed in untargeted omics analysis, ii) sterols (e.g., cholesterol) can impede cation-insertion 257 into the membrane (48), and iii) sterols greatly influence membrane fluidity (55, 56) . In IL, we 258 observed ~2 fold increase (p = 0.013) in ergosterol content of YlCW001 over the wildtype strain 259 ( Fig. 5D ). Counter-intuitively, we found the largest ergosterol concentrations in both strains 260 without IL. We were unable to identify any other sterol pathway intermediates (e.g., squalene, 261 lanosterol, etc.), in agreement with literature concluding ergosterol as the dominant sterol in yeast 262 (57). These results imply that IL affects sterol biosynthesis, and unlike the wildtype, YlCW001 263 adapted by enhancing membrane sterols in response to IL exposure.
264
Sterol biosynthesis is one key IL-responsive process to improve IL-tolerance in Y. lipolytica 265 We hypothesized that ergosterol content is a critical component of the membrane contributing to 266 the enhanced IL-tolerance of YlCW001 since we observed a greater ergosterol content in 267 YlCW001 than the wildtype upon exposure to IL (Fig. 5D ). To validate the key role of sterols, we 268 14 investigated genetic and enzymatic details of how Y. lipolytica modulates the sterol pathway in 269 response to IL. 270 We first characterized the mRNA expression levels of 14 genes in the steroid biosynthesis 271 pathway of mid-exponentially growing wildtype and YlCW001 cells cultured in 0% and 8%
272
[EMIM][OAc] (Fig. 5A ). We found that 10 of the 14 steroid pathway genes were upregulated > 2 273 fold in IL-exposed YlCW001 as compared to the wildtype in 0% IL (Fig. 5B) its superior evolved mutant, YlCW001, generated by ALE ( Fig. 2A) .
305
Imidazolium-based ILs inhibit the cell by inserting their alkyl chains into the hydrophobic 306 core of the plasma membrane ( Fig. 6B, 6E (Fig. 2D, 2E ).
313

16
Consequences of IL membrane disruption increase membrane fluidity (e.g., ionic 314 surfactant) (23, 49) and impose lateral pressure on the membrane (50, 62) as evidenced by cavities, 315 dents, and wrinkles in SEM images (Fig. 3C, 3E , 3G) and dramatic remodeling of lipids in Y. 316 lipolytica (Fig. 4) . In addition, harmful interactions between the IL and membrane result in a 317 cascade of detrimental effects on cellular processes including DNA damage, enzyme inactivation, 318 and protein degeneration (59, 63-65), as observed by reduced sterol and chitin contents ( Fig. 5D 319 and SI Appendix, Fig. S2 ) and perturbation of intracellular metabolism (Fig. 3I ) of IL-exposed 320 wildtype and YlCW001 strains.
321
Wildtype and YlCW001 strains combatted IL toxicity in part by rewiring membrane 322 compositions to reduce membrane permeability and bilayer buckling pressure (imposed by ILs)
323
(66, 67). Both strains overproduced all glycerophospholipid species except PE (Fig. 4F) , which is 324 vulnerable to lateral pressure (68, 69) . In contrast to the wildtype, YlCW001 is more robust 325 because it adapts to produce more sterols, e.g., ergosterol upon IL-exposure ( Fig. 5D ), that function 326 to maintain membrane fluidity and stability (55). This novel phenotype is evidenced by a 327 significant upregulation of sterol biosynthesis genes ( Fig. 5B ) and improved enzymatic-tolerance 328 to steroid-inhibiting drug, fluconazole ( Fig. 5C) (58, 70) . The result is also consistent with 329 molecular simulations demonstrating sterols impede IL cations from inserting into artificial 330 membranes (71-73).
331
Taken together, ILs inhibit cell growth by fluidizing the membrane and inflicting lateral 332 pressures that destroy cellular homeostasis (Fig. 6B, 6C ). Our research provides strong evidence and maintain membrane homeostasis (72) (Fig. 6E, 6F ). Although in this study we focused on 338 elucidating IL-responsive metabolism specific to lipid membrane remodeling, future work will 339 aim to determine the evolved genotype of YlCW001 to further understand IL-tolerance in Y. 340 lipolytica towards the application of reverse engineering IL-robustness in diverse, industrially-341 relevant microorganisms. and reconstituted in 300uL of 9:1 methanol:chloroform before transferring into auto-sampler vials.
407
Lipid extracts were analyzed in positive and negative ionization modes with an Exactive Plus 408 orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an 409 electrospray ionization probe and a Kinetex HILIC column (150 mm x 2.1 mm, 2.5 µm)
410
(Phenomenex, Torrance, CA, USA) as previously described (76) (1)
426
In our analysis, we chose a psf cutoff value of 0.58 to illustrate the top 15% most significantly 427 perturbed pathways identified from our untargeted LCMS analysis. 
